Abstract. We compared the diurnal and nocturnal visual function in two tactile foraging waterbird species, the red subspecies of the American White Ibis (Eudocimus ruber ruber, formerly the Scarlet Ibis), which is known to feed exclusively during daytime, and the Black Skimmer (Rynchops niger), which forages primarily during darkness. Live birds were captured in coastal lagoons of northeastern Venezuela. Electroretinograms (ERGS) were obtained at different light intensities from anesthetized birds, and the retinae were subsequently processed for histological observations. The ERGS of the skimmer were of much larger amplitude than those of the ibis in scotopic (rod-mediated) conditions, but, in contrast, under photopic (cone-mediated) conditions, the amplitude of the ERGS always was significantly larger for the ibis than for the skimmer. Compared to the nocturnally active skimmer, the ibis has highly inferior rod function and, consequently, potentially inferior nocturnal visual capabilities. The latter would seem to explain the temporal differences observed in feeding behaviors of the two species.
INTRODUCTION
Although most bird species feed during daytime only, recent reviews have shown that nocturnal foraging is widespread among coastal, fresh water, and marsh birds, particularly, but not exclusively, in those that are able to forage tactilely (Martin 1990 , McNeil et al. 1992 , 1993 , 1997 . Many swimming prey of wetland and marsh birds such as fish, fish larvae, worms, and insects are more active, closer to the water surface, and thus more easily accessible at dusk and night than during daytime (McNeil et al. 1992 (McNeil et al. , 1993 (McNeil et al. , 1995 . Direct observations also confirm that polychaetes, isopods, amphipods, decapods, and gastropods, living in the muddy ' Received 22 July 1996. Accepted 28 October 1996.
' Corresponding author. e-mail: mcneilt@ere. umontrealca areas of intertidal habitats where many waterbirds forage, are more active or closer to the sediment surface at night (McNeil et al. 1992 (McNeil et al. , 1993 (McNeil et al. , 1995 . Consequently, it might be expected that waterbirds that detect their prey by touch would be able to feed just as fast during darkness as they do during daytime and without having to see the prey on which they feed, whereas birds that detect their prey primarily by sight would be disadvantaged at night (McNeil et al. 1992 ). In such situations, the tactile method of foraging of skimmers (Rynchops spp.) should allow them to feed at night, even under the darkest conditions (Tomkins 1951 , Zusi 1962 , 1985 . Similarly, the blindly probing techniques of ibises also should allow night foraging ( Under photopic (cone mediated) conditions, averages of 10 responses were obtained to flashes of constant luminance delivered at 4.1 sec. These ERGS were evoked to flashes of decreasing luminance of 0.0, -0.6, -1.0, and -1.4 log-units, respectively. Less stimuli were used in scotopic than in photopic conditions and they were separated by a longer interval to ensure that the retina did not lose its adaptation to darkness and that a sufficient time was given for the rod photopigment to regenerate (Ikeda 1993).
HISTOLOGICAL PROCEDURES
Once the ERG recordings were completed, 4 skimmers and 4 ibises were given a lethal dose of sodium pentobarbital. The left eye was injected with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH = 7.2), dissected out, punctured at the cornea, and placed in the same fixative for 30 min. While the eye was in the fixa- Table 1 .
The scotopic ERGS obtained from the ibis are characterized by the presence of small oscillations on the rising phase of the b-wave (Fig.  2A) . Such oscillations are not observed in the skimmer (Fig. 3A) . Analysis of the intensityresponse function (Fig. 4A) which is followed by a saturation from intensity -2.6 to 0.0. In contrast, for the ibis, the amplitude of the scotopic ERGS regularly increases with progressively brighter flashes. It should be noted that the scotopic ERGS of the skimmer are always of larger amplitude than those of the ibis, the difference between the two species reaching significance at flash luminances comprised between -3 .O and -1 .O (Fig.  4A) . Similarly, while the peak time of scotopic b-waves of both species shortens with increasing flash luminance, the timing of the scotopic ERG b-waves of the ibis, as shown by the 95% confidence limits for the mean peak time variations (Fig. 5A) , is always significantly faster than that of the skimmer.
In the photopic ERG waveforms, a more robust signal is obtained for the ibis, with easily identifiable a-and b-waves at all the flash in- tensities used (Fig. 2B) , whereas, for the skimmer, identifiable a-and b-waves only are present in responses obtained to the brightest flash (Fig. 3B) . The 95% confidence limits of the corresponding luminance-response curves (Fig. 4B) reveal that, for all the intensities used, the amplitude of the cone ERG obtained from the ibis is always significantly larger than that from the skimmer. The peak time of the b-waves does not vary significantly as a function of light intensity (Fig. 5B) . However, as under scotopic conditions, as shown by the 95% confidence limits for the mean peak time variations (Fig. 5B) , the timing of the photopic ERG b-waves of the ibis is always significantly faster than that of the skimmer. Based on the 95% confidence limits for the means (Table I) tions with the same flash luminance in the skimmer, but not in the ibis (Table 1) . Indeed, from data of Table 1 
HISTOLOGICAL OBSERVATIONS
Overall, the photoreceptor density of the skimmer is higher than that of the ibis by a factor of 1.4 : 1, and this difference is due mainly to rod density (Table 2 ). In the skimmer, rod density is roughly 4.8 times higher than in the ibis, and exceeds that of cones by a factor of 5 to 1. In the ibis, cone density is roughly 3.4 times higher than in the skimmer, and exceeds that of rods by a factor of 3 to 1. In the skimmer, rod density and rod:cone ratio tend to be higher in the central (5), dorsal (1 and 4) and temporal (2 and 3) sectors, and lower in the nasal (7) and ventral (6, 8 and 9) sectors, and cone density tends to be higher in the nasal (7), central (5), and lower (6 and 9) sectors than in the dorsal (1 to 4) ones (Table 2 , Fig. 1 ). In the ibis, rod density is higher in sector 5 than in most other ones, but cone density tends to be higher in sector 5 and lower in sector 1 (Table 2) . A section of the retina of each species is shown in Figure 6 and measurements of photoreceptors, average ganglion cell density, and thickness of retinal layers are given in Table 3 . For both speties, there is no clear trend in the sectorial variations of these measurements. However, on the average, the Black Skimmer tends to have longer rod outer segments but thinner rods than the American White Ibis, and the cone outer segment of the ibis almost doubles in length that of the skimmer. Differences between the two species based on the 95% confidence intervals of the means (Table 3) , although significant in many cases, are not so striking in other cone measurements. On the other hand, the skimmer has thicker outer nuclear and outer plexiform layers than the ibis. Ganglion cells are more abundant per unit area, and the inner nuclear, inner plexiform, ganglion cell, and optic nerve fiber layers are thicker in the ibis. 
DISCUSSION
Contrary to most studies which were based almost exclusively on morphological observations and lacked physiological data, our study has the advantage of comparing two bird species by considering both morphological and physiological aspects of the retina. Our study shows that the retina of the Black Skimmer is well adapted for night vision, whereas that of the American White Ibis is clearly adapted for daytime vision. Each species exhibits distinct ERG responses which differ from each other under the tested conditions (i.e., -3.8 to 0 logunits). The ERG responses indicate that, under scotopic conditions, the retinal sensitivity of the skimmer to low light intensity (e.g., -3.8 to -2.0 log-units) is always higher than that of the ibis. This feature can be correlated with the measured differences in the photoreceptor ratios and densities. Because of higher rod density, the rod : cone ratio tends to be higher in the central, dorsal and temporal sectors of the skimmer retina. This may play a role in seeing the water surface and lower horizon when the bird is skimming the water surface during darkness. Rod density in the skimmer is in some way counterbalanced by their thinness. Their outer segments, however, are shorter than those of some shorebirds such as the Grey Plover (Pluvialis squaturola), the Short-billed Dowitcher (Limnodromus griseus) and the Greater Yellowlegs, which all forage both at night and during the day (Rojas de Azuaje 1991, McNeil et al. 1992). They also may be shorter than those of the nocturnal Tawny Owl, however those measurements were obtained from fresh tissue (Bowmaker and Martin 1978). Contrary to the assertion of Walls (1942) that rods can lower their thresholds during evolution (thus increasing their sensitivity) by lengthening their outer segments, the increased sensitivity exhibited by the Black Skimmer over that of the American White Ibis and the above-mentioned species is probably the result not of exceptionally long rod outer segments, but of a greater area covered by rods. This may be due to their large number and packing (Bowmaker and Martin 1978). However, rod sensitivity is not solely determined by their length or diameter, but also by the density of the visual pigment they contain, a factor not examined in the present study.
In both species, and under both scotopic and photopic conditions, the a-and b-waves in-crease in amplitude with increasing light intensity. In addition, the peak time of scotopic b-waves decreases with increasing luminance intensity. The same occurs in the Little Owl The skimmer' s retina is sensitive to low levels of illumination and might need special protection during occasional daytime foraging. Skimmers are the only birds known to close their pupil into the form of a vertical slit (Zusi and Bridge 1981). Zusi and Bridge (1981) found that the Black Skimmer has a relatively larger maximum pupil size than that of the diurnally active Common Tern (Sterna hirundo), and accomplish a greater reduction in its pupillary area from darkness to bright light than does the tern. We observed that the skimmer' s maximum pupil size, varying between 6 to 9 mm depending on the size of the bird, is roughly half the diameter of the full eye ball. These features of the skimmer' s eye may serve to enhance nocturnal vision and to protect the retina during occasional daytime feeding and other activities in bright light.
In conclusion, and in accordance with our initial hypothesis, the retina of the Black Skimmer is rod-dominated and corresponds to that of a nocturnal bird, and that of the American White Ibis is cone-dominated and corresponds to that of a diurnal bird. These features are reinforced by their very distinct ERG responses under scotopic and photopic conditions. As a consequence, the ibis appears to have a night vision capability considerably lower than that of the skimmer, and therefore can be viewed as being less capable of safe flights to access feeding grounds, or escape predators when on foraging ground during darkness.
